Abstract Odorants are released during the decomposition of organic waste at compost treatment plants.
Introduction
Odour control at the fence line of composting facilities is a common goal. When odour plumes cross the fence line of facilities, neighbours and community members become alarmed and have human health concerns. This paper evaluates the human detection limits of common compost odorants to their respective human health threshold criteria developed by the National Institute for Occupational Safety and Heath (NIOSH), Occupational Safety and Health Administration (OSHA), United States Environmental Protection Agency Region 9 (EPA) and the World Health Organisation (WHO). This paper will also evaluate odour threshold concentrations (OTCs) and odour characteristics from compost treatment processes. A conservative compost odour wheel is presented to sum up the consensus odour evaluation Suffet and Rosenfeld, 2006) . The odour wheel takes into account sulphur, nitrogen and oxygen odorous compounds which are the basis for most of the nuisance odours. Ten of the odorants categories are from the raw material or produced during the composting process. The last odour wheel category includes a set of xenobiotic compounds present probably in the raw material, such as the substituted benzenes (Komilis et al., 2004) .
The odorants released from a compost treatment plant vary depending on the raw compost entering the plant and the operation of the treatment processes. The odorants released from compost plants are typically from organic waste which are microbially degraded in sequential order where the sugars are consumed first, followed by cellulose, proteins, lignins, oils and finally, waxes (Killham, 1994) . The oxidation state of the odorous nitrogen and sulphur compounds depends on how the compost treatment facility is operating under aerobic or anaerobic conditions. Also, anaerobic conditions are responsible for production of odorous volatile fatty acids.
Human health risk evaluation criteria include: OTC meaning the minimum concentration that humans can sense in the presence of an odorous gas, recommended exposure limits (REL), short-term exposure limits (STEL), preliminary remediation goals (PRG) and permissible exposure limits (PEL). Each exposure limit is established for a particular compound over a particular time period, resulting in an effective dose for an individual. The REL is usually based upon exposure to the compound over an 8-10 hour time period. The STEL is based upon a 15 minute exposure limit. The PEL is based upon a concentration over an average eight hour workday or 40 hour work week to which most workers can be exposed without experiencing adverse effects. Substances at or above PRG concentrations are subject to remediation (OSHA, 1993 (OSHA, , 1997 WHO, 2000; EPA, 2004; NIOSH, 2004) .
The odour wheel describes the sensory and chemical links between odour descriptors ( Figure 1 ) Suffet and Rosenfeld, 2006) . For the compost odour wheel, the odour descriptors have been linked to known compost chemicals as well as potential compost chemicals that have a particular odour but have not been associated 
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with a particular compost odour source. When compost air odour control methods and sources are linked to specific chemical causes and their odour quality identified, air odour problems will be more easily solved. With this in mind, a compost odour classification wheel was developed as shown in Figure 1 Suffet and Rosenfeld, 2006) . The classification scheme serves as a basis for sensory testing and odour control. The 11 categories of odour descriptors are listed and potential chemical causes are reported based upon Table 1A and B. The intensity of each odour quality was not determined and remains the work of an odour panel to refine the evaluations in the future. In this investigation, the "warning" property of odour is evaluated. "Warnings" would be given when a compound's OTC was less than regulatory levels. In this case, there are five possibilities: (1) there is an OTC, but no regulatory limit; (2) the OTC is less than the regulatory limit; (3) the OTC is equal to the regulatory limit; (4) the OTC is greater than the regulatory limit; (5) there is no OTC known.
Method
Chemical characteristics, OTCs and health risk evaluation criteria for odourous gasses associated with compost are compiled in Table 1A and B. Odorous gasses resulting from composting can include sulphur compounds, nitrogen compounds, volatile fatty acids and other volatile organic compounds. The toxicity threshold values or regulatory limits published by NIOSH, OSHA, EPA and WHO are presented to allow for comparison to the OTC. Investigators do not always give the same name to the odour characteristics, but the consensus descriptions are within a specific type. OTCs are sometimes reported with order of magnitude differences. VOCs such as substituted benzenes that have been shown to be present in compost emissions (Komilis et al., 2004) , but probably not associated with odorants produced by the composting process are studied to assess any source of problems.
Results and discussion
Sulphur compounds: sulphur/cabbage/garlic Anoxic conditions at compost treatment plants produce sulphur-type odours (Banwart and Bremner, 1975) . Table 1A and B indicate the present knowledge of sulphur compounds and other compounds thought to be present in compost treatment plants that could be part of the compost plant's odour quality. However, the relationship between the OTC of the chemicals present, their relative concentrations and the type of odour has not yet clearly been defined .
The OTCs for sulphur compounds are below their respective regulatory limits, effectively giving a warning to exposed individuals. Sulphur compounds' OTCs (Table 1A and B) are generally lower than most other compounds (Ruth, 1986) . Hydrogen sulphide has an OTC of 0.70 mg/m 3 (Ruth, 1986) . The REL and PEL for hydrogen sulphide are 15,000 mg/m 3 ceiling (10 min) and 2.77 £ 10 7 mg/m 3 ceiling, respectively (OSHA, 1993; NIOSH, 2004) . Ceiling concentration limits are the highest concentrations allowable for human exposure. In the case of hydrogen sulphide, the REL and PEL are almost eight orders of magnitudes higher than the OTC. The EPA Region 9 ambient air PRG for hydrogen sulphide is 1 mg/m 3 (EPA, 2004) .
Similar to hydrogen sulphide, the REL and PEL for carbon disulphide are between three to six orders of magnitudes higher than its OTC. Carbon disulphide has an OTC of 24.3 mg/m 3 (Ruth, 1986 
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15,000 5,000 5 3.7 4 -- characteristic that links these two compounds together is that they have OTCs below their REL, PEL and PRG concentrations. Unlike hydrogen sulphide and carbon disulphide, sulphur dioxide becomes hazardous at concentrations closer to or below its OTC. The REL and PEL of sulphur dioxide, which has no strong pungent smell attached to its presence, are only one order of magnitude greater than its OTC (Table 1A and B). The OTC of sulphur dioxide is 1,175 mg/m 3 (Ruth, 1986) while the REL and PEL are 5,000 mg/m 3 and 13,000 mg/m 3 , respectively (OSHA, 1993; NIOSH, 2004) . According to WHO, hazardous concentrations begin at 125 mg/m 3 (WHO, 2000) . Sulphur dioxide is one of several criteria pollutants in our air today. National Ambient Air Quality Standards (NAAQS) require sulphur dioxide concentrations not to exceed an annual concentration of 80 mg/m 3 . Clearly, before sulphur dioxide can be humanly detected, it could already pose a health hazard. This is in contrast to carbon disulphide and hydrogen sulphide, which have strong odours detectable at very low concentrations with RELs and PELs between six and seven magnitudes greater than their OTCs.
Nitrogen compounds: fishy/ammonia Table 1A and B also indicate the present knowledge regarding nitrogen (N) compounds that could be part of the compost plant's odour quality. As with sulphur compounds, the relationship between the many N-type chemicals present, their relative concentrations and the type of odours has not yet clearly been defined. Ammonia and trimethylamine comprise most of the odorous N emissions from wastewater, composting and organic biomass decay. Ammonia produces a pungent medicinal odour, while trimethylamine produces a fishy odour with a human detection limit 100 times lower than ammonia (Rosenfeld and Henry, 2001; Rosenfeld et al., 2002) . Table 1B illustrates that compounds producing a fishy/ammonia-like odour have OTCs well below their REL. For instance, ammonia has an OTC of 26.6 mg/m 3 while its REL is 18,000 mg/m 3 . Dimethylamine has an OTC which is below the REL and PEL but above the PRG. This indicates a possibility of hazardous conditions before the OTC is reached. Dimethylamine has an OTC of 37.80 mg/m 3 (Ruth, 1986) . Both the REL and PEL for dimethylamine are 18,000 mg/m 3 while the Region 9 EPA ambient air PRG is 0.021 mg/m 3 . The PRG is three orders of magnitudes lower than the OTC (EPA, 2004) .
Volatile fatty acid: rancid
Compounds such as volatile fatty acids are thought to be present in most compost treatment plants that could be part of the compost plant's odour quality. The relationship between these compounds, their relative concentrations and the type of odours has also not been defined. Aerobic secondary treatment produces oxygenated compounds, such as aldehydes, alcohols, ketones and volatile fatty acids (Mosier et al., 1977) . Anaerobic digestion processes during compost treatment result in the formation of volatile fatty acids (Killham, 1994) . Volatile fatty acids have a rancid, vinegar and body odour-like smell (see Table 1A and B) . The volatile fatty acids listed in Table 1B also have OTCs which are below their REL. However, formic acid has an OTC which is below the PEL and REL but above the PRG. The OTC of formic acid is 45.00 mg/m 3 (Ruth, 1986) , while its REL and PEL are two magnitudes higher at 9,000 mg/m 3 (OSHA, 1993; NIOSH, 2004 (Ruth, 1986) . Cumene (isopropylbenzene) gives a warning to an exposed individual by having an OTC that is below its REL and PEL, but cumene does not have a PRG value. Cumene's OTC is 39.20 mg/m 3 and both the REL and the PEL are 245,000 mg/m 3 (Ruth, 1986; OSHA, 1993; NIOSH, 2004) .
Benzene is a case in which the REL PEL and PRG are lower than the OTC. Therefore, there is no warning smell associated with hazardous benzene exposure. Benzene is a known carcinogen and has an OTC of 4,500 mg/m 3 . The REL and PEL for benzene are 319 mg/m 3 and 3,190 mg/m 3 , which are below the OTC (OSHA, 1993; NIOSH, 2004) .
The EPA Region 9 ambient air PRG of benzene is 0.25 mg/m 3 , which is four orders of magnitude lower then the OTC (EPA, 2004) . Benzene is the most hazardous VOC associated with composting and should be monitored.
Conclusion
Each odorant possesses a characteristic odour signature-odour quality and odour threshold as well as a toxicity value. Odorants are released into air during the decomposition of organic waste at the compost treatment plant. Composting releases volatile organic chemicals, including alcohols, aldehydes, volatile fatty acids, ammonia and other nitrogen compounds, xenobiotic solvents and various sulphur compounds into the environment. This paper begins to develop an understanding of how the VOCs present in the raw compost (including xenobiotic solvents) are related to human health threshold criteria developed by NIOSH, OSHA, USEPA and WHO. This comparison indicates that: (1) the human OTC for most compost odorants are far lower than their respective human health risk (regulatory) threshold values; (2) several compost odorants have OTC that are below some of their respective regulatory thresholds and above others (i.e. dimethyl amine, formic acid, acetone, ethyl benzene and toluene); (3) only the VOCs probably present as contaminants in the raw composting material have OTC greater than all of its regulatory thresholds (i.e. benzene). Benzene is the most hazardous VOC associated with composting and should be monitored.
